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Synopsis 
 
The demand for new materials with improved properties for application in high 
technology areas at elevated temperatures necessitates accurate, reliable and internally consistent 
phase relations and thermodynamic properties on the systems of interest. The availability of high 
quality thermodynamic data on phases in multicomponent systems assists in optimizing the 
processing parameters for synthesis, evaluating stability domains, and compatibility under 
different conditions. Since, high temperature thermodynamic data generation for complex ternary 
and higher order systems is time consuming and money intensive, efforts are being made to use 
various computational methods to generate thermodynamic data, phase relations. Models relating 
thermodynamic data to crystal structure are of special interest. Since binary interactions between 
the constituent elements are of major importance in multicomponent systems, binary data can be 
used for the estimation of the thermodynamic properties of the complex ternary and higher order 
systems of which binary forms a part using the CALPHAD method. Hence, aim of the present 
study is to obtain internally consistent phase relations and accurate thermodynamic data for 
selected oxide systems for which data is either not available or is inconsistent. The data obtained 
in the present study has been presented as chemical potential diagrams, temperature-composition 
phase diagram at different oxygen partial pressures, isothermal section of the phase diagram and 
improved thermodynamic properties table similar to NIST-JANAF tables.  
Chapter 1 describes the relevance and scope of the work presented in the thesis to some 
of the frontier areas of materials research. A critical review on the experimental techniques 
available for determining the phase relations and thermodynamic properties at high temperature 
and methods used in this study is presented in Chapter 2. The chapter also reviews the possible 
sources of error in experimental techniques and tests to check correct functioning of 
experimental setup. 
Systematic measurements on the high temperature thermodynamic properties of phases 
present in the systems Nb-O and Ta-O are presented in chapter 3. The oxides present in these 
systems have been employed in advanced applications such as microelectronic devices, optical 
waveguides, antireflection coatings and catalysts in various processes. Moreover, due to the high 
affinity of Nb and Ta for oxygen, the availability of accurate and consistent thermodynamic 
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properties of the oxides that form becomes critical to determine the system specifications while 
using these metals. The thermodynamic data for phases in these systems available in the 
literature lacks internal consistency. Therefore, reassessment of thermodynamic properties of 
oxides present in Nb-O and Ta-O system is undertaken based on the measurement of emf using 
solid-state electrochemical system cell based on yttria-doped thoria (YTD) as solid electrolyte.  
Data presented in thermodynamic compilations on Nb-O system shows only three phases 
(NbO, NbO2 and Nb2O5) as stable. Subsequent studies however have shown the presence of 
various other phases as stable in addition to three mentioned above. Matsui and Naito presented a 
partial phase diagram between NbO2-Nb2O5 based on their own measurements and literature 
data. The partial phase diagram of Matsui and Naito presents four phases as stable at 1223 K. 
Therefore reassessment of the thermodynamic data for four phases (NbO, NbO2, NbO2.422 
(Nb12O19) and Nb2O5) is undertaken. Emf of the three solid-state electrochemical cells is 
measured as a function of temperature from 1000 to 1300 K. Gibbs energy of formation of NbO, 
NbO2, NbO2.422 from elements is given by oNbOf G (± 547)/J.mol1 = _ 414 986 + 86.861 T/K; 
o
NbOf 2
G (± 548)/J.mol1 = _779 864 + 164.438 T/K; oNbOf 2.422G (± 775)/J.mol-1 = _ 911 045 + 
197.932 T/K respectively. The results are discussed in comparison with thermodynamic data 
reported in the literature. A critical assessment of the thermodynamic properties of NbO2 is 
carried out in the light of new heat capacity values and revised thermodynamic properties in the 
temperature range from 298.15 to 1800 K are presented. The free energy of formation of 
stoichiometric Nb2O5 is evaluated based on measurements on NbO2.422 and information available 
in the literature on phase boundary compositions and isothermal variation of non-stoichiometric 
parameter with oxygen potential for Nb2O5-x. The reassessed thermodynamic properties of Nb2O5 
are presented in the temperature range from 298.15 to 1700 K.  
For Ta-O system, emf of the solid-state electrochemical cell based on YTD is measured 
as a function of temperature from 1000 to 1300 K. Because of the significant solid solubility of 
oxygen in tantalum, a small correction for the activity of Ta in the metal phase in equilibrium 
with Ta2O5 is applied. Based on the experimental measurement, free energy of formation of 
ditantalum pentoxide (Ta2O5) from the elements is given by 
o
OTaf 52
G (± 1400)/J·mol1 =  2004 
376 + 404.45 T/K. The β  α phase transition at 1593 K, which was ignored in NIST-JANAF 
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tables, is incorporated the revised tables. An improved set of thermodynamic properties of Ta2O5 
are presented in the temperature range from 298.15 to 2200 K.  
Chapter 4 describes the thermodynamic properties and phase diagram for MoO2-TiO2 
system. Activity of MoO2 in MoO2-TiO2 solid solution is measured at 1600 K using solid-state 
electrochemical cell based on yttria-doped thoria. The cell was designed such that the emf is 
directly related to the activity of MoO2 in the solid solution. To confirm the recently reported 
monoclinic to tetragonal phase transition in MoO2 at 1533 K, emf for two Ti rich compositions in 
MoO2-TiO2 solid solution is also measured as a function of temperature. Based on the 
experimental data, region of demixing is identified. From the variation of chemical potential of 
MoO2 in the two phase region and standard Gibbs energy change for monoclinic to tetragonal 
transition with temperature, the existence of reaction isotherm at 1412 K is deduced. Combining 
all the information, phase diagram for MoO2-TiO2 system incorporating the phase transition in 
MoO2 is presented which is topologically very different from that proposed earlier.  
In Chapter 5, systematic studies on the high temperature thermodynamic properties and 
phase equilibria on the phases present in the ternary systems Tr-Rh-O (Tr- Ta, Cr) are presented. 
Phases present in the Tr-Rh-O systems have potential applications in catalysis. To optimize the 
parameters for the synthesis and to understand the behavior of the catalysts, it is useful to have 
information on the thermodynamic stability domain of phase present in the system. Quantitative 
information on the stability of the ternary oxides is also useful for assessing the interaction of 
metal Rh with ceramic compounds containing transition metals under different environments. 
Moreover, there is very little thermodynamic and phase diagram information on the Tr-Rh-O 
systems available in the literature. 
Isothermal sections of phase diagram for the ternary systems Tr-Rh-O (Tr = Ta, Cr) at 
1273 K, were established by the isothermal equilibration technique at high temperatures. Phases 
were identified after quenching by optical and scanning electron microscopy (SEM), x-ray 
diffraction (XRD) and energy dispersive x-ray spectroscopy (EDS). Based on the phase relations, 
the thermodynamic properties of ternary compounds (CrRhO3 and TaRhO4) presented in the 
ternary systems were determined by the solid-state electrochemical cells based on calcia-
stabilized zirconia over a temperature range from 900 to 1300 K. The standard Gibbs energy of 
formation of ternary compounds CrRhO3 and TaRhO4 from component binary oxide is given by 
o
CrRhOf 3
G (± 140)/J.mol-1 = -31 967+ 5.418 T/K and oTaRhOf 4G (± 85)/J.mol-1 =  42 993 + 
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5.676 T/K respectively. Using the Neumann-Koop rule, thermodynamic properties of ternary 
oxides at 298.15 K were also calculated. Gibbs energy of mixing of alloys phases along Ta-Rh 
binary is estimated in conformity with the experimental Gibbs energy of mixing of different 
alloys and experimental phase boundaries at 1273 K. Activity of components along Ta-Rh binary 
is calculated. Using the calculated activity, oxygen chemical potential diagram for the system 
Ta-Rh-O at 1273 K is developed. Similar diagram was also presented for Cr-Rh-O at 1273 K. 
Composition- temperature diagrams at different oxygen partial pressures for the systems Tr-Rh-
O (Tr = Ta, Cr) were presented to show the sensitivity of the phase relations to oxygen partial 
pressure variations. 
Chapter 6 presents the structure property correlation in metal spinel corundum three 
phase equilibria in Ni-Cr-Al-O system at 1373 K. Oxidation resistant alloys based on nickel 
essentially contain aluminum and chromium as the alloying elements. The outer protective layer 
that develops is the solid solution of Cr2xAl2(1-x)O3 the composition of which depends on the 
concentration of the alloying elements. At the metal and protective layer interface, a thin layer of 
spinel solid solution NiCr2xAl2(1-x)O4 forms. The transport of ionic species through the spinel 
layer can controls the oxidation rate of the alloy. It is therefore useful to have thermodynamic 
and phase equilibrium data on the quaternary system Ni-Cr-Al-O in order to predict the 
compositions of the oxides that form. The tie-lines representing the inter-crystalline ion 
exchange equilibria between the NiCr2xAl2(1-x)O4 spinel solid solution and Cr2xAl2(1-x)O3 
corundum solid solution is determined by electron microprobe and EDS point count analysis of 
the quenched oxide phases equilibrated isothermally with metallic Ni at 1373 K. The component 
activities in the spinel solid solution are derived from the tie-line information and 
thermodynamic data for Cr2O3-Al2O3 solid solution available in the literature. The Gibbs energy 
change for the inter-crystalline ion exchange reaction between spinel and corundum phases is 
calculated from the derived activity values. The cation distribution between tetrahedral and 
octahedral sites in spinel solid solution is calculated using enthalpy change corresponding to 
intracrystalline the ion exchange reaction derived from the octahedral site preference energies of 
the two mixing cations assuming the random distribution of cations. The Gibbs energy of mixing 
of the spinel solid solution thus calculated is discussed in relation to the values derived from the 
cation distribution models of O’Neill and Navrotskey and Jacob et al. along with the same 
calculated from the tie-line information from this study. Positive deviation in values of Gibbs 
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energy of mixing calculated from the models is observed indicating significant positive enthalpy 
contribution arising from the size mismatch between Al+3 and Ni+2 ions on the tetrahedral site 
and Al+3, Ni+2 and Cr+3 on the octahedral site. Variation of the oxygen potential for three-phase 
equilibrium involving metallic nickel, spinel solid solution and corundum solid solution is 
computed as a function of composition of the solid solutions at 1373 K. 
Chapter 7 describes the phase relations and thermodynamic properties of the phases 
present in the systems Ca-M1-M2-O (M1-M2 = Co-Al; Cu-Ti). Data on the phase relations in the 
system Ca-Co-Al-O is useful for designing slag compositions for the removal of alumina formed 
during deoxidation of cobalt based superalloys. An isothermal section of the system Al2O3-CaO-
CoO at 1500 K is established by isothermal equilibration of samples of different compositions at 
high temperature, and phase identification by optical and scanning electron microscopy, x-ray 
diffraction and energy dispersive spectroscopy after quenching to room temperature. Only one 
quaternary oxide, Ca3CoAl4O10 (CCAO), was identified inside the ternary triangle. Based on the 
phase relations, a solid-state electrochemical cell based on calcia-stabilized zirconia as the solid 
electrolyte was designed to measure the Gibbs energy of formation of Ca3CoAl4O10 in the 
temperature range from 1150 to 1500 K. The standard Gibbs energy of formation of 
Ca3CoAl4O10 from its component binary oxides, Al2O3, CaO and CoO, is given by 
o
CCAOf G (± 
50)/ J.mol-1 = - 2 673 + 0.289 T/K. By using the Newmann-Koop rule, the standard entropy and 
enthalpy of formation of Ca3CoAl4O10 at 298.15 K are also assessed. Chemical potential 
diagrams for the system Al2O3-CaO-CoO at 1500 K are computed based on the results of this 
study and auxiliary information from the literature. 
Recently CaCu3Ti4O12 (CCTO) has been focus of intense scientific activity because of its 
colossal dielectric constant (~104) at room temperature which shows weak temperature 
dependency from 100 to 400 K. The dielectric constant does not vary significantly in the 
frequency range from 20 to 106 Hz at room temperature. To optimize the parameters for the 
synthesis of the single phase CaCu3Ti4O12, it is therefore useful to have accurate phase relations 
and thermodynamic properties of the system Ca-Cu-Ti-O. Emf of the solid-state electrochemical 
cell is measured as a function of temperature from 925 to 1350 K using yttria-stabilized zirconia 
as the solid electrolyte. The standard Gibbs energy of formation of CaCu3Ti4O12 from component 
binary oxide is given by oCCTOf G (± 600)/ J.mol-1 = - 125231 + 6.57 T/K. The oxygen chemical 
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potential corresponding to the reduction of CCTO to CaTiO3, TiO2 and Cu2O is obtained from 
the electrochemical measurements as a function of temperature and compared on an Ellingham 
diagram with those for the reduction of CuO to Cu2O and Cu2O to Cu. The effect of the oxygen 
partial pressure on phase relations in the pseudo-ternary system CaO-(CuO/Cu2O)-TiO2 at 1273 
K has been evaluated. 
The summary of the important findings and main conclusions are presented in chapter 8. 
 
